We used positron emission tomography to measure regional cerebral blood flow (rCBF) in 10 healthy volunteers performing a recognition memory task with food and non-food items. The biological salience of the food stimuli was manipulated by requiring subjects to fast before the experiment and eat to satiation at fixed time points during scanning. All subjects showed enhanced recognition of food stimuli (relative to nonfood) in the fasting state. Satiation significantly reduced the memory advantage for food. Left amygdala rCBF covaried positively with recognition memory for food items, whereas rCBF in right anterior orbitofrontal cortex covaried with overall memory performance. Right posterior orbitofrontal rCBF covaried positively with hunger ratings during presentation of food items. Regression analysis of the neuroimaging data revealed that left amygdala and right lateral orbitofrontal rCBF covaried as a function of stimulus category (i.e., food vs non-food). These results indicate the involvement of amygdala and discrete regions of orbitofrontal cortex in the integration of perceptual (food), motivational (hunger), and cognitive (memory) processes in the human brain.
We used positron emission tomography to measure regional cerebral blood flow (rCBF) in 10 healthy volunteers performing a recognition memory task with food and non-food items. The biological salience of the food stimuli was manipulated by requiring subjects to fast before the experiment and eat to satiation at fixed time points during scanning. All subjects showed enhanced recognition of food stimuli (relative to nonfood) in the fasting state. Satiation significantly reduced the memory advantage for food. Left amygdala rCBF covaried positively with recognition memory for food items, whereas rCBF in right anterior orbitofrontal cortex covaried with overall memory performance. Right posterior orbitofrontal rCBF covaried positively with hunger ratings during presentation of food items. Regression analysis of the neuroimaging data revealed that left amygdala and right lateral orbitofrontal rCBF covaried as a function of stimulus category (i.e., food vs non-food). These results indicate the involvement of amygdala and discrete regions of orbitofrontal cortex in the integration of perceptual (food), motivational (hunger), and cognitive (memory) processes in the human brain.
Key words: amygdala; orbitofrontal cortex; memory; food; hunger; satiety; functional neuroimaging Cells in primate amygdala and orbitofrontal cortex respond to the sight, taste, and smell of food, as well as to stimuli associated with food reward (Sanghera et al., 1979; Nishijo et al., 1988; Rolls et al., 1990) . Food-related neural activity in these regions is dependent, however, on the concurrent state of hunger or satiety: e.g., responses in amygdala and orbitofrontal cortex to food during fasting are suppressed after satiation (Rolls et al., 1989; Scott et al., 1995; Critchley and Rolls, 1996) . These observations suggest that amygdala and orbitofrontal responses represent the biological or motivational significance of food stimuli and not simply the sensory properties of particular food items (LeDoux, 2000; Rolls, 2000) . Other experiments have implicated the amygdaloid complex and orbitofrontal cortex in memory enhancement for emotionally arousing events, a process that appears to involve the release of systemic "stress" hormones, e.g., adrenaline and corticosterone (Cahill et al., 1996; Cahill and McGaugh, 1998; Hamann et al., 1999; Canli et al., 2000) . However, although these motivational (i.e., hunger-satiety) and cognitive (i.e., mnemonic) phenomena have been studied separately in several experiments (Scott et al., 1995; Cahill et al., 1996) , the interaction of these processes, particularly with respect to neural activity in amygdala and orbitofrontal cortex, has not been previously investigated.
In the present study, we used positron emission tomography (PET) to measure regional cerebral blood flow (rCBF) in healthy volunteers while they performed a recognition memory task involving food and non-food pictures. The motivational significance of the food stimuli was systematically manipulated by requiring each subject to perform the memory task in both fasting and sated states. We conjectured that food items would be better remembered than non-food in the fasting state and that satiation would reduce this memory advantage. In light of previous data, we predicted that hunger-related modulation of memory for food items would be reflected in amygdala and orbitofrontal cortex activations (Rolls et al., 1989; Scott et al., 1995; Critchley and Rolls, 1996) , and, moreover, that task-dependent interactions between responses in these regions would be observed (Schoenbaum et al., 1998; Baxter et al., 2000) . On the basis of previous neuroimaging studies (Tataranni et al., 1999; Liu et al., 2000) , we also predicted that neural activity in hypothalamus and insula would covary primarily with physiological state (i.e., hungersatiety) rather than with stimulus category (food-non-food) or cognitive (memory) performance.
MATERIALS AND METHODS
Subjects. Ten right-handed volunteer subjects were recruited by advertisement. None of the subjects had any past history of neurological or psychiatric disorder (including eating disorders). All subjects were medication-free at the time of experiment. Table 1 gives details of each subject's sex, age and body mass index. All subjects gave informed consent to the study, which was approved by the Ethics Committee of the National Hospital for Neurology and Neurosurgery and the United K ingdom Administration of Radioactive Substances Advisory Committee.
E xperimental design. Subjects were instructed to abstain from eating in the 16 hr preceding the scanning session (which always began at 4:00 P.M.) but to drink fluids as normal. All subjects had 12 PET scans at regular 8 min intervals. Each scan was 90 sec in duration. At fixed time points between individual scans, subjects were asked to eat to satiation while remaining in the scanner. They were provided with a large cheese and salad sandwich and two sweets (slices of apple and chocolate cakes) followed by a drink of water. Subjects were randomized into two groups: (1) an "early satiation" group who ate after four PET scans (i.e., ϳ24 min from beginning of scanning, and (2) a "late satiation" group who ate after eight PET scans (i.e., ϳ56 min from beginning of scanning). The interval between the fourth and fifth scans in the early group and between the eighth and ninth scans in the late group was ϳ20 min. Immediately before each PET scan, subjects rated their feelings of hunger and satiety on a 0 -100 scale (0, most hungry; 100, most sated that subjects could ever imagine themselves). These subjective scores were used to create a hunger rating covariate, such that 0 on the subjective rating scale (i.e., maximum hunger score) was assigned a value of 100 and 100 on the subjective scale (i.e., maximum satiety score) assigned a value of 0. Before the first scan, and after the last scan, blood samples were taken from every subject to measure plasma levels of glucose, insulin, hydroxybutyrate, and free fatty acids. The body mass index (weight in kilograms/ (height in meters)
2 ) was also determined for each subject. Five minutes before each PET scan, subjects were instructed to commit to memory 10 pictures, each shown singly for 4 sec on a computer monitor screen. T wo categories of pictures were shown: (1) food, consisting of color photographs of a range of appetizing food, both sweet and savory, taken from cookbooks; and (2) non-food, consisting of color photographs of household objects (chairs, sofas, lamps, mirrors, tools, ornaments, etc.) that had no association with eating (i.e., no crockery, cutlery, kitchen utensils, etc.). All 10 pictures in the same sequence belonged to the same category. During the following PET scan, these 10 pictures were shown again in a random sequence with 10 new pictures of the same category. All pictures were shown singly for 4 sec. With each picture presentation, subjects were instructed to indicate via right-hand button presses whether they had or had not seen the picture 5 min before. Subjects made responses on every trial, pressing one button for "yes" (old) and another button for "no" (new). Each subject had six food scans and six non-food (household object) scans. The order of food and non-food conditions was counterbalanced within and across subjects. The early satiation subject group had two food and two house scans before eating; the late group had four food and four house scans before satiation. Subjects were given a score for each of their responses to the 20 pictures in the scanning (test) sequence: i.e., ϩ1 for correct identification either of an "old" (repeated) picture or of a "new" picture, and 0 for an incorrect or absent response, making a total maximum score of 20 (100%).
Neuroimag ing. Subjects had 12 scans of the distribution of H 2 15 O acquired with a Siemens/C TI ECAT EX AC T HR ϩ PET scanner operated in high-sensitivity three-dimensional mode. Subjects received a total of 350 MBq of H 2 15 O intravenously over 20 sec. A Hanning filter was used to reconstruct the images into 63 planes, resulting in a 6.4 mm transaxial and 5.7 mm axial resolution (f ull width half maximum).
Spatial preprocessing. The PET scans were initially realigned using sinc interpolation to remove movement artifacts before being transformed into a standard stereotactic space. Structural MRIs from each subject were co-registered into the same space. A Gaussian filter set at 12 mm f ull width at half maximum was used to smooth the PET data, which Figure 1 . A, Two ϫ two factorial experimental design. Food and nonfood stimuli were presented in both hungry and sated states. B, Mean hunger ratings for early and late satiation groups displayed across three scanning blocks (i.e., scans 1-4, 5-8, and 9 -12). C, Mean recognition memory scores in all four conditions. D, Mean memory advantage for food items over non-food in early and late satiation groups. Memory advantage was calculated by subtracting non-food recognition scores from food recognition scores in each of the three scanning blocks. In B-D, bars represent 2 SEs, and arrows indicate time of satiation. were adjusted to a global mean of 50 ml ⅐ dl Ϫ1 ⅐ min Ϫ1 . SPM99 was used for all spatial preprocessing (Friston et al., 1995) .
Statistical anal ysis. Subjects' ratings of hunger before each scan and their memory recognition scores were used as subject-specific covariates of interest in a statistical analysis of the PET data using SPM99. Food and non-food conditions were specified for both fasted and sated states (Fig. 1 A) . The chronological order of scans was specified as a confounding covariate. The data were globally normalized using a subject-specific ANC OVA. Specific effects were tested by applying linear contrasts to the parameter estimates for the variables of interest. The resulting t statistic at every voxel constitutes a statistical parametric map (SPM). Contrasts were specified for individual subjects, and group effects were assessed by conjunction analyses of subject-specific contrasts. Reported p values for a priori regions of interest (i.e., amygdala, insula, hypothalamus, and orbitofrontal cortex) are corrected for the number of comparisons made within each region (Worsley et al., 1996) . Anatomical localization of all activations was confirmed by coregistration with individual subjects' MRIs.
Functional data from a left amygdala voxel (x ϭ Ϫ12, y ϭ Ϫ6, z ϭ Ϫ18), maximally activated in the contrast of memory for food versus memory for non-food, were entered into a separate regression analysis to test for psychophysiological interactions (Friston et al., 1997) . Brain regions were identified where covariation with left amygdala rCBF changed as a f unction of stimulus category (i.e., food vs non-food).
RESULTS

Biochemical data
All subjects maintained their plasma glucose within the normal range during both fasted and sated states and showed appropriate increases in plasma insulin after food ingestion ( Table 2) . Levels of free fatty acids in the fasting state were significantly elevated beyond the normal range in all subjects (Table 3) . Mean hydroxybutyrate levels were also significantly elevated during fasting (Table 3) .
Behavioral data
All 10 subjects showed a similar pattern in subjective ratings of hunger (Fig. 1 B) . Hunger ratings were initially moderately high (fasting mean, 68.8 points; SD, 11.4 points), increased gradually until satiation, and then fell abruptly (post-satiation mean, 31.1points; SD, 12.3). Mean fasting and post-satiation hunger ratings were significantly different when tested with a one-tailed two-sample t test (t ϭ 17.4; p Ͻ 0.001). After the steep satiationrelated decrease, hunger ratings tended to increase slowly during the remainder of the session (Fig. 1 B) .
Enhanced recognition of food stimuli in the fasting state was seen in all subjects (Fig. 1C) . Food items showed increased recognition scores compared with non-food in the pre-satiation period (t ϭ 3.95; p Ͻ 0.001). After satiation, however, there was no significant difference in recognition score between food and non-food items (t ϭ 0.95; p Ͼ 0.1). The interaction between physiological state (i.e., hunger-satiety) and stimulus category (i.e., food-non-food) was significant (t ϭ 3.42; p Ͻ 0.001). It is important to note that memory performance scores included "rejections" (i.e., successfully identifying new pictures) as well as "hits" (identifying old items). Changes in memory performance cannot be attributable, therefore, simply to a change in response bias, e.g., subjects tending to respond "old" more often in the fasting state. Moreover, the category-specific improvement in recognition scores was closely related to subjects' concurrent state of hunger (Fig. 1 B,D) . In the early satiation subject group, memory advantage for food was abolished in post-eating scans 5-8, in line with decreased hunger ratings (Fig. 1 D) . In the late satiation group, memory advantage for food increased in scans 5-8, in line with increased hunger ratings and was abolished in post-satiation scans 9 -12 (Fig. 1 D) .
Neuroimaging data
Right anterior orbitofrontal cortex activity (x ϭ 30, y ϭ 42, z ϭ Ϫ16; p Ͻ 0.05, corrected) covaried positively with overall recognition memory score (i.e., memory for both food and non-food stimuli) (Fig. 2 A,B) . By contrast, activity in left amygdala (x ϭ Ϫ14, y ϭ Ϫ4, z ϭ Ϫ20; p Ͻ 0.01, corrected) covaried positively with memory for food stimuli, but negatively with memory for non-food items (Fig. 2C,D) . A left dorsal insula region (x ϭ Ϫ42, y ϭ 2, z ϭ Ϫ2; p Ͻ 0.05, corrected) showed a similar categoryspecific pattern of response covariation to that observed in left amygdala. Other regions positively covarying with overall memory score included bilateral cerebellum (x ϭ Ϫ4, y ϭ Ϫ68, z ϭ Ϫ46 and x ϭ 24, y ϭ Ϫ56, z ϭ Ϫ50; p Ͻ 0.001, uncorrected) and bilateral parietal cortex (x ϭ Ϫ28, y ϭ Ϫ52, z ϭ 44 and x ϭ 48, y ϭ Ϫ46, z ϭ Ϫ56; p Ͻ 0.001, uncorrected). However, activations in these areas, which were not a priori regions of interest, did not reach a corrected level of significance.
In a separate regression analysis, we used measures of activity from the maximally activated voxel (x ϭ Ϫ14, y ϭ Ϫ4, z ϭ Ϫ20) in left amygdala to investigate how this structure functionally interacts with other brain regions. We first determined how left amygdala rCBF covaried with activity in every other brain voxel during both food and non-food scans. Then, to test for psychophysiological interactions (Friston et al., 1997) , we contrasted, at every brain voxel, the slopes of the regression lines associated with these different stimulus-dependent rCBF covariations (i.e., food vs non-food). This analysis showed that rCBF in right lateral orbitofrontal cortex (x ϭ 38, y ϭ 30, z ϭ Ϫ24; p Ͻ 0.01, corrected) covaried positively with left amygdala activity during food scans, but negatively during non-food scans (Fig. 3) . This orbitofrontal area (Fig. 3A) was adjacent (8 mm lateral and 12 mm posterior) to the orbitofrontal region associated with overall memory recognition (Fig. 2 A) .
Activity in a region to the right of the midline, encompassing both hypothalamus (x ϭ Ϫ6, y ϭ 2, z ϭ Ϫ8; p Ͻ 0.05, corrected) and nucleus accumbens (x ϭ Ϫ12, y ϭ 10, z ϭ 0; p Ͻ 0.001, uncorrected) covaried positively with overall ratings of hunger (Fig. 4 A,B) . Activity in this region was clearly "time-locked" to the period of satiation, falling to its lowest level in scans 5-8 in the early satiation group, but rising to its highest level in scans 5-8 in the late satiation group (Fig. 4 B) . The close parallel between these contrasting response patterns and group-specific changes in hunger rating (Fig. 1 B) exclude the possibility that this effect is attributable simply to time-dependent factors. Activity in right anterior insula (x ϭ 34, y ϭ 24, z ϭ Ϫ8; p Ͻ 0.001, corrected) also covaried positively with hunger ratings, with a similar time-locked pattern of response across all subjects (Fig. 4C,D) . Interestingly, a separate region of right insula (x ϭ 42, y ϭ Ϫ2, z ϭ Ϫ6; p Ͻ 0.05, corrected), 26 mm posterior to the "hunger-related" region, covaried with satiety, i.e., covaried negatively with hunger ratings (Fig. 5) . Comparison of the rCBF in this posterior insula region in the early and late satiation groups again revealed a close relationship to time of satiation (Fig. 5B) .
Right posterior orbitofrontal cortex rCBF (x ϭ 34, y ϭ 12, z ϭ Ϫ24; p ϭ 0.065, corrected; p Ͻ 0.001, uncorrected) showed a category-dependent covariation with hunger ratings (Fig. 6) . Orbitofrontal rCBF covaried positively with hunger in the food condition but showed no significant covariation with hunger in the non-food condition (Fig. 6 B) . This food-hunger-related region of orbitofrontal cortex (Fig. 6 ) was located 30 mm posterior to the memory-related area (Fig. 2) and 18 mm posterior to the amygdala-related region (Fig. 3) . It is noteworthy that mean rCBF in right posterior orbitofrontal cortex was not significantly different between food and non-food conditions (Fig. 6 B) . Indeed, no brain region exhibited significantly increased (or decreased) mean rCBF to food items (relative to non-food) in either fasting or sated states. However, inspection of individual subject data revealed that 3 of the 10 subjects had significant increases in left amygdala rCBF to food items in the fasting state, whereas the other 7 subjects had increased left amygdala rCBF to food in the sated state. These striking individual differences in food-evoked amygdala rCBF were not related to any physical, biochemical, or behavioral variable measured in the present study.
DISCUSSION
In this study, we demonstrate a category-specific (food-related) interaction between hunger (motivational state) and cognitive performance (recognition memory). A close, time-locked relationship between hunger ratings and memory for food was evident in both early and late satiation groups (Fig. 1 B,D) . Most notably, in the 20 min interval between pre-satiation and postsatiation scans, a Ͼ20% memory advantage for food stimuli relative to non-food was abolished in all 10 subjects (Fig. 1C,D) . Previous psychophysical experiments have shown that recognition of tachistoscopically presented food-relevant words is enhanced during fasting compared with satiation (Erwin and Ferguson, 1979; Ferguson, 1983) . Our behavioral data show a similar interaction between physiological, motivational, and cognitive processes, thus uniting emotional memory enhancement (Cahill and McGaugh, 1998) and motivational modulation of behavioral preference (Rolls et al., 1982) within a single experimental paradigm.
Amygdala and orbitofrontal cortex rCBF were both associated with recognition memory performance (Fig. 2) . Left amygdala rCBF covaried specifically with memory for food stimuli (Fig.  2C,D) . This result accords with previous neuroimaging data showing that recognition memory of emotional (compared with neutral) visual stimuli is associated with enhanced left amygdala rCBF (Dolan et al., 2000) . Other neuroimaging studies have reported a positive correlation between amygdala activity during encoding of emotional visual stimuli and subsequent enhanced recall and recognition (Cahill et al., 1996; Hamann et al., 1999) . Although our present results are entirely compatible with amygdala involvement in encoding emotional (behaviorally salient) memories, they also suggest, like the data from Dolan et al. (2000) , that amygdala function is not confined to this role, but is also involved in memory retrieval processes.
Right anterior orbitofrontal cortex rCBF, by contrast, covaried with recognition memory score for both food and non-food pictures (Fig. 2 A,B) . This finding accords with results from monkey lesion studies (Bachevalier and Mishkin, 1986; Meunier et al., 1997) and human neuroimaging experiments (Frey and Petrides, 2000) that show orbitofrontal cortex involvement in general visual recognition memory. Entorhinal and perirhinal cortex, also implicated in general visual recognition memory (Meunier et al., 1993) , send strong projections to orbitofrontal cortex (Insausti et al., 1987) . Right lateral orbitofrontal rCBF, on the other hand exhibited a stimulus-specific interaction with amygdala activity (Fig. 3) . It is notable that amygdala has a strong projection to lateral orbitofrontal cortex (area 12o) in the macaque monkey (Carmichael and Price, 1995) and that surgical disconnection of amygdala and orbitofrontal cortex, in a procedure that otherwise leaves these structures intact, disrupts the ability of monkeys to adjust their choice behavior after devaluation of a food reward (Baxter et al., 2000) . Moreover, systematic changes in the functional connectivity of amygdala and orbitofrontal cortex have been reported in rat electrophysiological studies of reinforcement learning (Schoenbaum et al., 1998 (Schoenbaum et al., , 2000 . Our present findings (Fig. 3 ) accord with these animal data, therefore, in indicating the importance of connections between amygdala and lateral orbitofrontal cortex in processing biologically salient stimuli (e.g., food).
Hunger-related changes in rCBF were identified in hypothalamus (Fig. 4) . These data accord with a previous human neuroimaging study that reported increased activity in hypothalamus during fasting compared with satiation (Tataranni et al., 1999) . Another fMRI study of eating, using temporal clustering analysis, identified a phasic "negative response" in the hypothalamus with a peak 7.7-12.8 min after glucose ingestion (Liu et al., 2000) . In accord with the findings of Liu et al. (2000) , our neuroimaging data also show sharp decreases in hypothalamic activity occurring Ͻ20 min after eating (Fig. 4 A,B) . Additionally, however, progressive increases in hypothalamic rCBF were evident across scans 5-12 in the early subject group and scans 1-8 in the late group. This temporal pattern suggests that feeding-related hypothalamic responses are not only phasic, but also have a tonic relationship to metabolic variables that influence subjective feelings of hunger.
A similar temporal pattern of hunger-related rCBF changes was seen in nucleus accumbens in the ventral striatum. The activation in nucleus accumbens was confluent with that observed in hypothalamus (Fig. 4) . Experiments in animals have shown that nucleus accumbens is a crucial structure through which natural reinforcers exert their influence on feeding, drinking, and sexual behavior (Wenkstern et al., 1993; Richardson and Gratton, 1996; Taber and Fibiger, 1997) . Feeding and hypothalamic stimulation both lead to increased turnover of dopamine in nucleus accumbens (Hernandez and Hoebel, 1988) . Our finding of a correlation between nucleus accumbens activity and the motivational state of hunger is consistent, therefore, with these animal data.
Hunger-related rCBF changes were also observed in insula cortex, a visceral sensory region that may be critical in processing interoceptive stimuli (Augustine, 1996 , Small et al., 1999 . It is notable that insula cortex has important anatomical connections with hypothalamus, amygdala, and lateral orbitofrontal cortex (Augustine, 1996) . Increased human insula activity during fasting has been reported previously (Tataranni et al., 1999) . Whereas our present data are consistent with this earlier study, our results also indicate segregation of feeding-related activity within the insula: pronounced decreases in rCBF were observed in a right anterior ("hunger") region after eating (Fig. 4C,D) , whereas marked increases were seen in a right posterior ("satiety") region (Fig. 5) . By contrast, left dorsal insula rCBF was similar to left amygdala, covarying with memory performance for food items. Granular cortex of dorsal insula is known to receive a strong projection from amygdala (Augustine, 1996) . The present results provide intriguing evidence, therefore, of both segregation and lateralization of function in the human insula.
The food-specific covariation of right posterior orbitofrontal rCBF with hunger ratings (Fig. 6 ) accords with both anatomical Price, 1995, 1996) and electrophysiological (Rolls et al., 1989; Scott et al., 1995; Critchley and Rolls, 1996) data. The extrinsic inputs to posterior orbitofrontal cortex (areas Iam, Iapm, and G in macaque) are predominantly visceral and gustatory (Carmichael and Price, 1995) . However, these posterior regions also receive important intrinsic projections from lateral orbitofrontal area 12, which in turn receives inputs from both visual cortex and amygdala (Carmichael and Price, 1996) . Moreover, single-unit recordings in monkeys have shown that posterior orbitofrontal responses to food stimuli are modified by hunger and satiety (Rolls et al., 1989; Scott et al., 1995; Critchley and Rolls, 1996) . Our observation that rCBF in posterior orbitofrontal cortex is dependent on both hunger ratings and stimulus category (i.e., food vs non-food) is consistent, therefore, with the known functional anatomy of this region (Fig. 6) .
The present neuroimaging data comprise several novel findings: hunger-related rCBF changes in nucleus accumbens, distinct hunger and satiety regions in insula cortex, interactions between perceptual (food-non-food), motivational (hunger), and cognitive (mnemonic) factors reflected by rCBF changes in distinct regions of orbitofrontal cortex and amygdala, and finally, a stimulus-specific (food-related) psychophysiological interaction between amygdala and orbitofrontal rCBF. These results provide support, therefore, for the proposal that amygdala and orbitofrontal cortex constitute an integrated neural system that is critical for making adaptive responses and guiding decision-making (Bechara et al., 1999; Baxter et al., 2000; Rolls, 2000; Schoenbaum et al., 2000) . Our data show, moreover, that other neural structures (e.g., nucleus accumbens) and distinct subregions of other brain areas (e.g., anterior and posterior insula) are also critically involved in mediating physiological and motivational states. Models of the neural circuitry underlying adaptive behavior will need to reflect the complexity, therefore, of both extrinsic (e.g., amygdala-orbitofrontal, amygdala-insula, amygdala-accumbens), and intrinsic (e.g., intra-orbitofrontal, intra-insula, intraamygdala) functional connections.
